Abstract Whole genome duplications (WGDs) followed by diploidization, which includes gene loss, have been an important recurrent process in the evolution of higher eukaryotes. Gene retention is biased to specific functional gene categories during diploidization. Dosage-sensitive genes, which include transcription factors, are significantly over-retained following WGDs. By contrast, these same functional gene categories exhibit lower retention rates following smaller scale duplications (e.g., local and tandem duplicates, segmental duplicates, aneuploidy). In light of these recent observations, we review current theories that address the fate of nuclear genes following duplication events (i.e., Gain of Function Hypothesis, Subfunctionalization Hypothesis, Increased Gene Dosage Hypothesis, Functional Buffering Model, and the Gene Balance Hypothesis). We broadly review different mechanisms of dosage-compensation that have evolved to alleviate harmful dosage-imbalances. In addition, we examine a recently proposed extension of the Gene Balance Hypothesis to explain the shared single copy status for a specific functional class of genes across the flowering plants. We speculate that the preferential retention of dosage-sensitive genes (e.g., regulatory genes such as transcription factors) and gene loss following WGDs has played a significant role in the development of morphological complexity in eukaryotes and facilitating speciation, respectively. Lastly, we will review recent findings that suggest polyploid lineages had increased rates of survival and speciation following mass extinction events, including the Cretaceous-Tertiary (KT) extinction.
evidence for three WGDs (Aury et al. 2006 ). An ancestor of the baker's yeast, Saccharomyces cerevisiae, underwent a WGD approximately 100 million years ago (Kellis et al. 2004) . The analyses of gene content and gene family size data in different animal lineages suggest that two WGDs occurred at the origin of vertebrates (known as the 2R hypothesis) (Lundin 1993; Garcia-Fernandez and Holland 1994; Sidow 1996; Meyer and Schartl 1999) . In addition, a more recent WGD event occurred early in the evolution of ray-finned fishes and many orders of fish have polyploid species (Amores et al. 1998; Woods et al. 2000; Amores et al. 2004; Le Comber and Smith 2004; Naruse et al. 2004) . In mammals, a WGD was detected in South American desert rodents (Octodontidae) (Gallardo et al. 2004) , while WGDs are widespread among insect, amphibian, and reptile lineages (Mable 2004; Otto 2007) . These data collectively suggest that many if not all eukaryotes probably have experienced at least one polyploid event in their evolutionary history. The detection of ancient WGDs is often intricate (Martin et al. 2007) , and may require multiple lines of evidence including identification of syntenic regions, analysis of gene content data, and the analysis of age distributions (i.e. Ks distributions) of duplicated genes. A robust phylogenetic framework including multiple analyzed genomes from both duplicated and preduplciated lineages simplifies the process of inferring and determining the proper placement of ancient WGDs.
Repeated rounds of WGDs, or polyploid events, have been best documented among plants, and in particular the flowering plants (Fig. 1b) . Recent data suggest that a WGD occurred early in angiosperm history, possibly near the origin of all flowering plants (Cui et al. 2006; ). In addition, polyploidy has been well documented in the grass (Poaceae; (Paterson et al. 2009 )), the sunflower (Asteraceae; (Barker et al. 2008) ), and the mustard (Brassicaceae; (Marhold and Lihova 2006) ) families. Despite its small genome size, the model organism Arabidopsis thaliana (Brassicaceae) underwent at Fig. 1 Putative positions of whole genome duplications mapped onto a heavily pruned phylogeny of the eukaryotes and angiosperms. a The timing of ancient whole genome duplications and distribution of polyploid eukaryotes is modified from published phylogenies (Ciccarelli et al. 2006; Freeling and Thomas 2006; Kasahara 2007) . Ancient whole genome duplication events based on substantial evidence, including syntenous blocks in sequenced genomes, are denoted with partially filled in circles. The genome of the unicellular eukaryote Paramecium tetraurelia has undergone at least three successive wholegenome duplications (Aury et al. 2006 ). An ancient whole genome duplication event occurred in the Saccharomyces cerevisiae (baker's yeast) lineage following the divergence from a related yeast species Kluyveromyces waltii (Wolfe and Shields 1997; Kellis et al. 2004) . At least three whole genome duplications have occurred during the evolution of vertebrates. Two rounds of whole genome duplication, 1R and 2R events, preceded the radiation of jawed vertebrates (Ohno 1970; Kasahara 2007 ). An additional whole genome duplication, termed 3R, occurred in the teleosts fish lineage that includes Takifugu rubripes (tiger blowfish) (Christoffels et al. 2004 ). The African clawed frog Xenopus laevis has undergone a recent whole genome duplication (Semon and Wolfe 2008) . The distribution of polyploid eukaryotes is indicated with smaller empty circles (Otto 2007) . b The analysis of sequenced genomes and expressed sequence tag (EST) data sets has provided evidence of multiple whole genome duplications distributed throughout several angiosperm lineages. The position of whole genome duplications shared by flowering plants is modified from a recently published studies ). Whole genome duplications based on substantial evidence, including analyses of sequenced genomes, are denoted with larger partially filled in circles. There is conclusive evidence based on the identification of retained syntenic genomic regions that the Arabidopsis thaliana genome has experienced at least three ancient whole genome duplications over the last 300 million years (Vision et al. 2000; Simillion et al. 2002; Blanc et al. 2003; Bowers et al. 2003) . The relative timing of these events (α, β, and γ) has been a contentious issue. The recent addition of fully sequenced plant genomes has aided in resolving the history of these paleo-polyploid events. The analyses of the sequenced genomes of Populus trichocarpa (poplar) (Tuskan et al. 2006) , Vitis vinifera (grape) (Jaillon et al. 2007) , and Carica papaya (papaya) suggest that these species share only the most ancient paleo-polyploid event (γ event) with Arabidopsis thaliana. The timing of the γ event ranges from the common ancestors of the rosids and asterids to the divergence of the monocot and eudicot lineages ). The β event occurred within the order Brassicales following the divergence from papaya. The α event, shared with the genus Brassica, likely occurred within the Brassicaceae (Schranz and Mitchell-Olds 2006) . The genus Brassica underwent an additional whole genome duplication event that occurred 7.9-14.6 mya (Lukens et al. 2004; Lysak et al. 2005) . The Cleomaceae, family sister to the Brassicaceae, has an independent whole genome duplication (Schranz and MitchellOlds 2006) . The poplar and Gossypium (cotton) genomes each have an additional independent whole genome duplication event (Tuskan et al. 2006; ). The analysis of the rice and sorghum genome revealed an ancient whole genome duplication that occurred in the common ancestor of cereals (i.e. family Poaceae) (Yu et al. 2005; Paterson et al. 2009 ). Whole genome duplications inferred from paralog pairs filtered out of substantial EST data sets are denoted with smaller empty circles (Blanc and Wolfe 2004b; Cui et al. 2006; least three ancient polyploid events (α, β, and γ) over the last 300 million years: the recent sequencing of the grape, papaya, and poplar genomes allow us to place these nested polyploid events into a phylogenomic context (Vision et al. 2000; Simillion et al. 2002; Blanc et al. 2003; Bowers et al. 2003; Freeling and Thomas 2006; Thomas et al. 2006; Tuskan et al. 2006; Jaillon et al. 2007) .
Following a WGD, a gene duplicate will experience one of two distinct fates during diploidization (refer to glossary): either retention or loss of one member. These fates may occur through either neutral loss, selection, or via random mechanism (e.g. subfunctionalization / DDC model). Several models have been proposed to explain the retention of gene duplicates from ancient WGDs. The availability of complete genome sequences for multiple species having experienced paleo-polyploid events provides investigators a natural system to investigate changes in gene content and the fates of nuclear genes following the duplication of entire gene networks. This system allows us to address additional questions. Are the fates of gene duplicates repeated (i.e. due to selection) or are they random? If they are repeated, are the fates for specific functional gene categories consistent across eukaryotic lineages? Which of the proposed model(s) (i.e., Gain-of-Function Hypothesis, Subfunctionalization Hypothesis, Increased Gene Dosage Hypothesis, Functional Buffering Model, and the Gene Balance Hypothesis) fit the data?
After whole genome duplications, proper balance in signaling and regulatory networks is maintained, while other types of duplication events (e.g., local, tandem, segmental, aneuploidy) leave genes out of balance to varying degrees. By investigating the fates of nuclear genes after independent WGDs and smaller scale duplications, researchers have been able to contrast the expansion of specific gene families and functional gene categories following different duplication mechanisms. In this review, we summarize the evidence from these recent studies on how the Gene Balance Hypothesis (also called the Dosage Balance Hypothesis) predicts the fate of nuclear genes following both WGDs and smaller scale duplications. We then explain the mechanics of dosagesensitivity and review different mechanisms of dosage-compensation that have evolved at the transcriptional and protein level. With these predictions, observations, and mechanisms in mind, we evaluate current alternative theories of duplicate gene retention, namely the Gain-of-Function hypothesis (Lewis 1951; Ohno 1970) , Subfunctionalization (Hughes 1994; Force et al. 1999) , Increased Gene Dosage Hypothesis (Seoighe and Wolfe 1999; Kondrashov and Kondrashov 2006; Conant and Wolfe 2007; Conant and Wolfe 2008) , and the Functional Buffering Model ) in comparison to the Gene Balance Hypothesis (Birchler and Newton 1981; Birchler et al. 2001; Veitia 2002; Birchler et al. 2003; Papp et al. 2003; Birchler et al. 2005; Freeling 2008; Freeling et al. 2008) . Given that the Gene Balance Hypothesis has been exclusively used to explain patterns of gene retention, we examine a recently proposed extension of the Gene Balance Hypothesis to explain the shared single copy status for a specific functional class of genes across flowering plants (Duarte et al. 2009 ). We review the argument that WGDs and other "balanced duplications" have played a significant role in increasing the morphological complexity in animal and plant lineages by preferentially retaining regulatory genes including transcription factors . Finally, we will review recent findings that suggest polyploids, partly because they tend to be more vigorous and phenotypically plastic, had increased rates of survival following mass extinction events and increased rates of speciation due to evolutionary success and the development of species barriers.
Gene balance hypothesis: all gene duplicates are not equally retained post-WGD The Gene Balance Hypothesis predicts that an imbalance in the concentration of protein subunits in a macromolecular complex or between proteins with opposing functions in a transcription or signaling network may either lead to decreased fitness or lethality (Birchler and Newton 1981; Birchler et al. 2001; Veitia 2002; Papp et al. 2003; Veitia 2005; Veitia et al. 2008) . Maintaining proper protein and transcriptional balance is vital to sustain normal function. For instance, an imbalance in a highly connected portion of a network likely would result in great negative pleiotropic effects. Likewise, this is true for macromolecular complexes, especially those with regulatory processes. For example, a modification in the relative abundance of subunits in a transcription factor complex may alter the assembled complex and the expression of target genes (Birchler et al. 2001) . The Gene Balance Hypothesis, supported by analyzed genomes across eukaryotic lineages, provides the basis for understanding duplicate retention following gene and genome duplication. For instance, dosage-sensitive genes must be retained in duplicate following WGD to maintain proper balance of protein and transcriptional networks. However following a smaller scale duplication (e.g. local and tandem duplicates, segmental duplicates, aneuploidy) (i.e. over-expression), duplicates of dosage-sensitive genes will tend to be eliminated to maintain proper balances.
Whole genome duplications differ from smaller scale duplications in that WGD increase the dosage of all genes simultaneously. Thus, organisms experiencing WGD immediately maintain proper balance in both signaling and transcription networks as well as stoichiometric balance in macromolecular complexes (Fig. 2) . During diploidization, the spectrum of remaining duplicates would be expected to be random if gene loss is neutral. However, comparative genomic studies have revealed that gene loss is not random, which begs the question as to whether selection operates to either retain gene duplicates, return genes to single copy, or both. Interestingly, some functional gene categories, including subunits of protein complexes such as transcription factors and ribosomal proteins, and specific signal transduction components, are significantly over-retained in duplicate and have resisted loss during the diploidization process in the Arabidopsis (Maere et al. 2005; Freeling 2008 ), Paramecium (Aury et al. 2006) , vertebrate (Blomme et al. 2006) , and yeast (Papp et al. 2003) genomes. For example within the Arabidopsis genome, the three WGDs (alpha, beta, and gamma event) generated approximately 59% of retained duplicates (the remaining 41% are due to smaller-scale duplications); but significantly, the genes duplicated via polyploidy include 90% of all transcription factors, 99% of signal transducers including kinases, and 92% of all developmental genes (Maere et al. 2005) . Retained duplicates show evidence for strong purifying selection in Xenopus laevis, Arabidopsis, rice, and Paramecium (Hughes & Hughes 1993; Aury et al. 2006; Chapman et al. 2006) , and are preferentially retained in duplicate in subsequent WGDs (Aury et al. 2006; Chapman et al. 2006) . Also, genes in most transcription factor families exhibit negative selection against transposition in Arabidopsis . The co-retention of interacting dosage-sensitive genes, while maintaining balanced expression patterns, following a WGD and during diploidization is necessary to maintain proper balance of dosage-sensitive complexes and networks. Papp et al. (2003) found a significantly large excess of interacting pairs that retained the same number of paralogs in yeast. In the Paramecium genome, genes involved in the common metabolic pathway or same macromolecular complex displayed significant patterns of co-retention (Aury et al. 2006) . In yeast, nearly half of artificial over-expression experiments resulting in lethality involved genes encoding subunits of protein complexes (Papp et al. 2003) . In addition, interacting proteins tend to have correlated patterns of co-expression with similar expression levels (Ge et al. 2001; Jansen et al. 2002; Papp et al. 2003; Ettwiller and Veitia 2007) .
In contrast, these same functional gene categories, which are significantly over-retained after WGDs, are significantly under-retained following smaller scale duplications in the Arabidopsis (Maere et al. 2005) , yeast (Li et al. 2006) and Drosophila genome (Dopman and Hartl 2007) . Smaller scale duplicates are instead enriched for genes whose products function at either flexible steps or at the tips of pathways (i.e. products that participate in fewer protein-protein interactions) (Li et al. 2006; Dopman and Hartl 2007) . Li et al. (2006) observed that gene duplicability was negatively correlated with protein connectivity (i.e. number of protein-protein interactions) of a gene product. These results suggest that gene retention after smaller scale duplications preferentially occur to poorly connected genes, while genes retained in duplicate post-WGD tend to be in more connected in pathways. For example, the genes retained in duplicate following smaller scale duplications in the rice and Arabidopsis genomes are enriched for various functional gene categories including membrane proteins and proteins that function in abiotic and biotic stress (Rizzon et al. 2006) . Consequently, the genes duplicated through smaller scale duplications represent different gene classes than those retained from WGDs (Davis and Petrov 2005; Maere et al. 2005 ). This reciprocal pattern in retention (i.e. significant over-retention following WGDs and under-retention following smaller-scale duplications) for certain functional gene categories is predicted by the Gene Balance Hypothesis (Freeling 2008; Freeling 2009) .
Some highly expressed genes, including ribosomal proteins, are also significantly over-retained following WGDs in the Paramecium, yeast, and Arabidopsis genome (Seoighe and Wolfe 1999; Blanc and Wolfe 2004a; Maere et al. 2005; Aury et al. 2006; Freeling 2008) . In yeast, ribosomal complexes, composed of 150 rRNA genes and 137 ribosomal protein genes and transcriptionally co-regulated to maintain proper stoichiometric balance (Warner 1999) , are dosagesensitive. As would be predicted by the Gene Balance Hypotheses, ribosome proteins are more commonly retained following duplication by WGD events compared to single-gene duplications (P<10 −21 ) (Papp et al. 2003) . However, an increase in absolute magnitude of expression (i.e. increased dosage) for highly expressed genes, such as ribosomal proteins, may also be beneficial (Conant and Wolfe 2008) . This is the theoretical basis of the Increased Gene Dosage Hypothesis (Seoighe and Wolfe 1999; Kondrashov and Kondrashov 2006; Conant and Wolfe 2007; Conant and Wolfe 2008) . Ribosome complexes, which consist of up to 60% of the transcriptome, are required in high titer.
The WGD and diploidization cycle, loss of a subset of gene duplicates and retention of highly expressed dosage-sensitive genes, may yield increased expression for ribosomal proteins and other highly expressed genes. Likewise, an increase in expression of some dosage-insensitive genes may also be beneficial and result in purifying selection to retain both gene duplicates. So in addition to the Gene Balance Hypothesis, it is plausible that increased dosage for some functional genes would be beneficial. For example, an environmental change may favor increased dosage and would facilitate fixation of the duplication (Conant and Wolfe 2008) .
The mechanics of dosage-sensitivity and dosage-compensation
The Gene Balance Hypothesis not only makes predictions supported by comparative genomic data, it also provides a well-supported mechanism to explain the significant over-retention of specific functional gene categories following WGDs. This is in contrast to some alternate hypotheses, such as the Functional Buffering Model, which also attempts to explain the preferential retention of duplicated genes . The Functional Buffering Model suggests that certain genes, those that function in essential processes, are retained in duplicate to buffer crucial functions (i.e. to ensure the maintenance of essential gene functions) . However, the Functional Buffering Model does not provide a mechanism to explain the retention of gene duplicates, but merely proposes a hypothetical benefit of retaining certain classes of genes in duplicate. Thus, this model has no explanatory power because a mechanism is needed to properly comprehend and more accurately predict changes in gene content following WGDs. For instance, the deletion of genes retained following WGDs, based on the Functional Buffering Model, are not expected to result in lethal (or otherwise detrimental) phenotypes. Various lines of evidence presented in this paper suggest that this is not the case (e.g. over-retention of highly-connected protein coding gene duplicates that are under strong purifying selection). The Gene Balance Hypothesis does explain gene duplicate retention post-WGD in a predictive manner with a biological mechanism that is supported by published data from across eukaryotic systems. We will compare additional proposed hypotheses (e.g., Gain of Function and Subfunctionalization), to the Gene Balance Hypothesis in a later section. Here, we review what is currently known about the mechanical basis for dosage-sensitivity. In addition, we will broadly discuss mechanisms of dosage-compensation that have evolved to alleviate harmful dosage-imbalances at the transcriptional and protein level.
The Gene Balance Hypothesis posits that, in macromolecular complexes and highly connected portions of networks, maintaining proper gene balance is required for normal function. An under-or over-expression of a dosage-sensitive subunit may induce drastic reductions of the assembled complex, and produces unassembled intermediates and free subunits (Fig. 2) (Veitia et al. 2008) . Collectively, these changes may lead to decreased fitness (Birchler et al. 2001; Veitia 2002; Papp et al. 2003; Veitia 2003a; Veitia 2003b; Veitia et al. 2008) . Components with greater protein connectivity (e.g. central subunit in a complex) have increased chances of producing unassembled intermediates when over-expressed ( Fig. 2c) (Veitia et al. 2008 ). This prediction is consistent with observations that dosage-sensitivity is influenced by the size (i.e. number of interactors) of the molecular complex (Papp et al. 2003) .
In addition to protein connectivity, the function of the protein has a significant influence on the sensitivity to dosage imbalances (Freeling 2008; Veitia et al. 2008) . A reduced number of assembled complexes may disrupt the balance of opposing actions in a network (i.e. an inhibitor and activator acting on a common target) (Veitia et al. 2008) . For instance, the over-expression of the central subunit B in the trimer A-B-A will lead to decreased assembly of the trimer, production of dimer intermediates, and increased production of free unbound B monomers (Fig. 2c ) (Veitia et al. 2008) . If the trimer is an activator (e.g. kinase), the decreased production of the complex may result in a network imbalance with the opposing inhibitor (e.g. phosphatase). This is the predicted outcome when complex assembly is random (Veitia et al. 2008) .
A variety of dosage-compensation mechanisms have evolved to alleviate harmful dosage-imbalances, including at both the protein and transcriptional level. In the previous paragraph, we discussed how the overexpression of monomer B leads to the decreased production of trimer A-B-A when complex assembly is random. The effects of over-expressing monomer B (i.e. decreased production of trimer) could be eliminated if complex assembly is non-random. Specifically, the production of intermediate dimers would diminish when the reaction leading to the trimer complex is faster than that leading to the dimers (Veitia et al. 2008) . In other words, the dimers (A-B or B-A) would bind another A subunit at a faster rate compared to free unbound B monomers. This non-random assembly, based on kinetics and assembly pathway, would aid in mitigating the effects of over-expressing the B subunit by increasing the production of the trimer (Veitia et al. 2008) . This may diminish dosage-sensitivity for many complexes, but is limited to specific scenarios. For example, the under-expression of the A or B subunit will yield a reduction of the trimer A-B-A in either assembly scheme (i.e. via random and non-random assembly). This highlights the importance of maintaining proper gene balance and provides additional support for the Gene Balance Hypothesis.
Various mechanisms have evolved to eliminate the toxic scenarios generated by various free unassembled monomers (Veitia et al. 2008) . For example, the protein Rb12p binds to free β-tubulin subunits transiently to eliminate toxicity caused by the accumulation of unbound subunits, which disrupt microtubule assembly and function (Abruzzi et al. 2002) . Similarly, the Rad53 protein kinase will form a complex with histone proteins to regulate protein abundance (Gunjan and Verreault 2003) . Additionally, Veitia et al. (2008) hypothesized that unassembled monomers are preferentially degraded compared to complexes via exposed degradation signals. They proposed that the formation of complexes might mask monomer degradation signals (i.e. degradation signals are buried inside the complex). The masking of all degradation signals, as a result of complex formation, would lead to the preferential degradation of monomers and intermediates, and protect the assembled complex from protein degradation (Veitia et al. 2008) . These mechanisms, both demonstrated and hypothetical, aid in alleviating harmful dosage imbalance effects caused by excess unbound protein monomers.
Dosage-compensation also occurs at the transcriptional level. The loss or gain of genes encoding subunits of a complex may be countered by either the inverse change in gene expression from the alternate copies of the gene or the equivalent change in gene expression from all of the other genes within the complex to maintain proper balance (Veitia et al. 2008) . If one partner in a complex is over-expressed, then the overproduction of its partner(s) is needed to maintain proper stoichiometric balance. This may certainly also involve altering the rates of mRNA degradation (Veitia et al. 2008) . Additionally, the involvement of linked regulators that act negatively on the expression of a target gene may result in compensation (Birchler 1981; Birchler et al. 2005; Veitia et al. 2008) . Following a segmental duplication (i.e. trisomic state), the linked regulators would downregulate the expression of the three copies of the target gene. In the monosomic state, the single linked regulator would up-regulate the expression of the target gene. In both examples, the expression of the target gene would be nearly equivalent to that of a diploid (Veitia et al. 2008) .
These mechanisms of dosage-compensation may have evolved to aid in both equalizing gene expression and alleviating the toxicity caused by the free unbound monomers. These processes, at both the protein and transcriptional level, are clearly supportive of the prediction that maintaining proper gene balance is required for normal functions. However, dosagecompensation mechanisms certainly are limited to specific genes and scenarios. For example, aneuploids have unlinked effects (i.e. affecting expression of genes whose dosage was not altered) (Guo and Birchler 1994) . Additionally, it is unlikely that each gene has a linked regulator to equalize expression or a regulatory protein to bind excess unbound monomers. This is evident in the analysis of the genomic data (i.e. reciprocal pattern in retention for dosage-sensitive genes). If dosage-compensation mechanisms did exist globally for all genes, we would not observe a skewed retention of dosage-sensitive genes post-WGD and under-retention of dosage-sensitive genes following smaller scale duplications.
Current alternate hypotheses do not explain retention of duplicate genes
Given the observation, predictions, and mechanisms that have thus far been reviewed for the retention of duplicate genes after WGD and smaller scale duplications, we can now evaluate additional currently invoked alternative theories of duplicate gene retention, namely the Gain of Function Hypothesis (Lewis 1951; Ohno 1970 ) and the Subfunctionalization Hypothesis (i.e. the duplication, degeneration, complementation (DCC) model) (Hughes 1994; Force et al. 1999) . These alternate hypotheses are currently widely accepted explanations for the over-retention of gene duplications following WGDs. However, do the gene content data support these alternate hypotheses? Do these hypotheses provide 'primary' mechanisms that could be responsible for the retention of the specific functional gene categories observed in all the aforementioned analyzed genomes?
The Subfunctionalization Hypothesis argues that duplicate genes are preserved in pairs through a twostep neutral mutational process that partitions the ancestral functions to different gene copies (Lynch and Force 2000) . Following subfunctionalization, both gene duplicates, which now specialize in complementary functions, are under strong purifying selection to retain the entire ancestral function. Subfunctionalization may involve structural domains of genes or gene expression patterns (quanta, spatial, and temporal) (Conant and Wolfe 2008) . There is overwhelming evidence from multiple experiments that the subfunctionalization mechanism does occur to retained duplicates (Force et al. 2005; He and Zhang 2005) . This raises two important questions. Is subfunctionalization responsible for the retention of specific functional gene categories following WGD? Or, do gene dosage constaints provide a mechanism for initial retention that provides a longer time frame for subfunctionalization? If so, how can retained dosagesensitive gene duplicates subsequently subfunctionalize without resulting in a detrimental dosage-imbalance?
The Gain of Function Hypothesis asserts that gene duplication followed by innovation, that is the evolution of a novel function (i.e. Neofunctionalization), in one daughter gene is the primary source of new genes (Lewis 1951; Ohno 1970) . The other duplicate maintains the ancestral function. Strong positive selection and inactivation of gene conversion drives the fixation of the novel gene (Clark 1994; Lynch and Force 2000; Innan 2003; Beisswanger and Stephan 2008) . Neofunctionalization has occurred over evolutionary time and has certainly contributed to lineage-specific differences in gene content. But, is neofunctionalization responsible for the retention of specific functional gene categories following WGD? Or, does neofunctionalization operate only after genes are retained in duplicate due to gene dosage constraints (similar to subfunctionalization)? If so, how can retained dosage-sensitive gene duplicates subsequently neofunctionalize without resulting in a detrimental dosage-imbalance?
Although neofunctionalization and subfunctionalization do occur and provide specific mechanisms, neither should be accepted as the primary models to explain the over-retention of gene duplicates post-WGD, as reviewed by Freeling (2008) . Freeling (2008) argues that the Gene Balance Hypothesis best explains the gene content data from several sequenced genomes across eukaryotic lineages, each with independent WGDs and smaller scale duplications. Neofunctionalization and subfunctionalization do not predict a reciprocal pattern in retention as observed for specific gene categories post-WGD and smaller scale duplications (Fig. 3) . Instead, these two alternative hypotheses predict that any gene may be retained following any sort of duplication (i.e. WGD and smaller scale duplications). In other words, these hypotheses make no predictions between functional gene categories (i.e. gene function) and retention frequency post-duplication. We concur with Freeling (2008) that neofunctionalization and subfunctionalization occur largely after genes are retained in duplicate due to gene-dosage constraints. The gene content data, specifically the reciprocal relationship in duplicate retention frequencies for certain GO categories, supports only the Gene Balance Hypothesis. Even though Neofunctionalization and Subfunctionalization may be "downgraded" by the Gene Balance Hypothesis (Freeling 2008) , it is important to note that these are not mutually exclusive hypotheses and a pluralistic if not unified framework is likely. For example, the data are suggestive that gene dosage constraints provide a mechanism for initial retention that provides a longer time frame to allow alternate mechanisms (i.e neofunctionalization and subfunctionalization). Thus, WGDs allow for certain functional gene categories to undergo subfunctionalization and neofunctionalization that would not have occurred following smaller-scale duplications, and vice versa. This concept will be discussed more thoroughly in a subsequent section. Additionally, we want to note that these alternate mechanisms may explain the retention of a subset of dosage-insensitive gene duplicates following WGDs. However, these alternate mechanisms do not occur at a sufficient frequency in the short periods following WGDs to distort the observed reciprocal pattern in duplicate retention.
Extending the gene balance hypothesis to dosage-sensitive single copy genes Although most polyploidy comparative genomic studies have focused on the non-random retention of duplicate genes, some studies have also pointed out the non-random single copy status of genes following WGD Paterson et al. 2006) . After polyploidy, do only random processes account for the single copy status of genes? Does a unique functional class of genes exist (or perhaps multiple classes) that is under strong selective pressures to repeatedly return to single copy?
Given that the Gene Balance Hypothesis has been exclusively used to explain the over-retention of dosage-sensitive genes post-WGDs, we examine a recently proposed extension of the Gene Balance Hypothesis to explain the shared single copy status for a specific functional class of genes across the plant kingdom (Duarte et al. 2009 ). Such genes that have repeatedly returned to single copy have been referred to by some as "duplication-resistant" ). However, this term has been considered misleading or confusing; because the genes are in fact duplicated and then lost (only one duplicate member), we will use the term "selected single copy" genes. Paterson et al. (2006) suggest that the single copy state for these genes was important for the longterm survival of polyploids; however, they do not propose a mechanism by which such genes repeatedly and convergently return to single copy across diverse organisms. But several are easily envisioned, one leading candidate being strong selection against increased dosage of some genes representing certain networks or pathways.
Hypothetically, the single copy status of a gene following a WGD can be explained in two ways. First, the loss of a gene duplicate occurred through random deletion. Second, a biological mechanism exists which repeatedly restores some genes to a single copy state. However, no such biological mechanism had previously been proposed. The Gene Balance Hypothesis would predict that gene duplicates, which are not under selection to be retained in duplicate post-WGD (i.e. dosage-insensitive genes), are lost at random. Dosage-insensitive genes are somewhat likely to repeatedly return to a single copy state, given sufficient time, following repeated rounds of genome duplication. However, dosage-insensitive genes are also more likely to exhibit copy number variation (CNV) (Dopman and Hartl 2007) . Based on the predictions of the Gene Balance Hypothesis, it is certainly possible that many if not most single copy genes are merely dosage-insensitive genes that have repeatedly and convergently returned at random to single copy following independent WGDs and smaller scale duplications. This scenario of random Fig. 3 Duplicate retention frequencies for select GO categories following the alpha whole genome duplication (WGD) and local (tandem) duplications in Arabidopsis thaliana (modified from Freeling 2008) . These data support the Gene Balance Hypothesis, and discredit alternate hypotheses as the primary mechanism to explain the retention of gene duplicates following whole genome duplications. a The retention frequencies, significantly over-/ under-retained or not significant, for select GO categories following the alpha event and local duplications were calculated by GOstat (Freeling 2008) . The first six GO categories exhibit a reciprocal relationship in retention (i.e. significant over-retention following WGD and under-retention following tandem duplications). This pattern in retention is supportive of the Gene Balance Hypothesis. The last six GO categories are significantly over-retained following tandem duplications. In the Arabidopsis and rice genome, tandem duplicated genes are enriched for abiotic and biotic stress, and membrane protein functions (Rizzon et al. 2006) . Rizzon et al. (2006) suggested that these products function either at flexible steps in a pathway or at the end of biochemical pathways. The Gene Balance Hypothesis predicts no significant retention frequency for dosage-insensitive genes following whole genome duplications. These GO terms are only a subset of GO categories analyzed by M. Freeling. He did not observe a single GO category that was significantly under-retained following whole genome duplications and over-retained following tandem duplications. b The duplicate retention distribution following the alpha (α) WGD event (X-axis) and tandem duplications frequency (Y-axis), shown as a linear regression, for 16 Arabidopsis transcription factor families each with at least 30 genes. The X-axis was calculated (number of alpha pairs / total number of genes in family). The Y-axis was calculated (number of tandem duplicates / total number of genes in family). A skewed distribution (i.e. reciprocal relationship), a negative relationship with 95% confidence, is observed and is drawn with a solid line. This distribution is supportive of the Gene Balance Hypothesis. The null hypothesis distribution, drawn with a dotted line, is clearly rejected and predicts that gene retention is random following both tandem duplications and the alpha whole genome duplication event. Transcription factors are preferentially retained in duplicate following whole genome duplications due to gene dosage constraints, and are significantly under-retained following tandem duplications. This figure was modified from M. Freeling (2008 Freeling ( , 2009 loss is a testable hypothesis because the probability of sharing the single copy state would decrease as the number of genomes sampled increases.
The Gene Balance Hypothesis has recently been extended to explain the shared single copy status for a particular set of dosage-sensitive genes, namely the nuclear encoded organellar (plastid and mitochondria) genes (Duarte et al. 2009 ). This hypothesis, which we call the Selected Single Copy Gene Hypothesis, claims that a subset of nuclear encoded genes might encode dosage-sensitive proteins that function in either organellar signaling networks or macromolecular complexes that must maintain proper stoichiometric balance with interacting partner(s) that are encoded in the organellar genome (Duarte et al. 2009 ). While the chloroplast proteome is composed of 2,100 to 3,600 proteins, almost all of these proteins are encoded in the nucleus (Abdallah et al. 2000; Leister 2003) . Similarly, the plant mitochondrial proteome contains approximately 2,000 to 3,000 gene products (Millar et al. 2005) , while the plant mitochondrial genome encodes approximately 30 to 40 proteins (i.e. 1% -2% of the proteome) (Adams et al. 2002) . The Selected Single Copy Gene Hypothesis (Duarte et al. 2009 ) is an amendment to the Gene Balance Hypothesis that predicts that all gene duplications (i.e. whole genome duplications and smaller scale duplications) of any of these genes would result in a dosage-imbalance and selection against duplicate retention.
The Selected Single Copy Gene Hypothesis still requires substantial further investigation, particularly because it is still unclear how gene balance is coordinated between the nuclear genome (one nucleus per cell) and organellar genomes (many chloroplasts or mitochondria per cell) (Duarte et al. 2009 ). To what degree is the stoichiometric balance of an organellar protein complex, encoded by both the nuclear and organellar genome, upset following the duplication of a nuclear encoded subunit? For example, the ribosomal protein S13 (rps13) gene for both the plastid and mitochondrial ribosomal complex is encoded in the Arabidopsis thaliana nuclear genome by two separate genes (Mollier et al. 2002) . As previously discussed, ribosomal complexes are sensitive to dosage-imbalances. As predicted by the Gene Balance Hypothesis, nuclear ribosomal protein genes are significantly over-retained in duplicate following WGDs to maintain proper stoichiometric balance (Papp et al. 2003; Aury et al. 2006) . In comparison, the Selected Single Copy Gene Hypothesis (Duarte et al. 2009 ) would predict that a gene duplication (i.e. overexpression) of the ribosomal protein rps13 that encodes a subunit of the mitochondrial organellar ribosomal complex would result in a dosage-imbalance and selection against duplicate retention.
If the Selected Single Copy Gene Hypothesis is valid, it may be necessary to investigate mechanisms that might have evolved to mitigate gene dosage imbalances between the nuclear genome and organellar genomes. For instance, are relative "diploid" transcript levels and/or protein levels maintained following a tandem duplication involving a selected single copy gene? Will artificial over-expression of a nuclear encoded mitochondrial gene in yeast lead to a deleterious dosage-imbalance? In addition, it is still entirely unclear how recent duplicates of shared single copy genes are eliminated following duplication. If there is selection for single copy status, there must be a mechanism besides random and neutral processes. This may involve epigenetic gene silencing of either duplicate followed by pseudogenization. Typically gene silencing involves both homologous copies, as observed with introduced transgenes in genetically modified plants (Stam et al. 1997) . For this mechanism to work, gene silencing would have to target only one gene copy. Alternatively, there could be strong positive selection for the deletion of one member of a pair. In short, future studies need to demonstrate that these genes are not shared in a single copy state due to random chance alone. The skewed distribution toward certain GO functions (i.e. significant overrepresentation of organellar gene functions) for shared single copy genes across four angiosperm genomes (Arabidopsis, Populus, Vitis, and Oryza), a moss genome (Physcomitrella), and one lycophyte genome (Selaginella) suggests that many of these genes did not return at random (Duarte et al. 2009 ). This compilation suggests that a set of "selected single copy" genes may actually exist, at least in plant genomes. Because only a limited set of plant genomes was analyzed (Duarte et al. 2009 ), we predict that the percentage of genes shared at random in single copy within the conserved single copy list will decrease as more available sequenced plant genomes are added (e.g. Carica, Sorghum, and Mimulus).
The utility of shared single copy genes as global phylogenetic markers has been proposed and demonstrated at both a high throughput approach using transcriptome data across the angiosperms and at a family level using a standard reverse transcriptionpolymerase chain reaction (PCR) protocol (Duarte et al. 2009 ). In addition to selected single copy genes, which theoretically are strictly orthologous across species since paralogs are selected against, dosagesensitive genes are excellent phylogenetic markers. Establishing orthology for nuclear genes across divergent species, which is required for constructing accurate phylogenetic estimates (Alvarez and Wendel 2003) , is generally not a trivial exercise. Dosageinsensitive genes that are shared at random in single copy or low copy across species have a fifty percent probability between any two species of sharing a paralogous relationship. In contrast, dosage-sensitive genes have characteristics that aid in ascertaining orthologous relationships, including rarely exhibiting CNV (i.e. infrequently duplicated via non-WGDs) and lower transposition frequencies.
Recurring WGDs facilitate speciation and increases in morphological complexity
Finally, we speculate that both the preferential retention of regulatory genes and loss of genes following WGDs have played a significant role in facilitating speciation, diversification, and increasing morphological complexity. In addition to polyploid reproductive barriers (i.e. reproductive isolation between polyploids and their diploid progenitors) and polyploid heterosis (i.e. polyploids exhibit greater biomass, fertility, and speed of development, thus are more vigorous and tend to outcompete diploid competitors), the neutral loss of alternate members of dosage-insensitive gene duplicates in different species, also known as reciprocal gene loss, has been well established to drive reproductive isolation and correlate with rapid speciation shortly after WGDs (Scannell et al. 2006; Scannell et al. 2007; Semon and Wolfe 2007) . Specifically, the reciprocal loss of different copies (i.e. paralogs) between two closely related species can create a Bateson-DobzhanskyMüller hybrid incompatibility, which reduces the viability and fertility of hybrids (Scannell et al. 2006; Scannell et al. 2007; Semon and Wolfe 2007) . These hybrid incompatibilities create species barriers and a robust lineage-splitting force, which appear to have contributed to the rapid speciation of the yeast, teleost and angiosperm lineages following WGDs (Soltis and Soltis 2004; Scannell et al. 2006; Semon and Wolfe 2007) . This is supported by recent observations that lineage specific WGDs had contributed to dramatic increases in species richness in several angiosperm families including Poaceae, Brassicaceae, Solanaceae, and Fabaceae ). This correlation between WGDs and diversification rates is more apparent when comparing species richness between polyploid lineages to sister lineages lacking the WGD. For example, the teleost clade that shares the 3R event are the largest and most diverse group of vertebrates (~22,000 species), while the sister 'basal' ray-finned species lineages have only a few extant species (Van de Peer 2004; Hurley et al. 2007) . Similarly, the mustard family (Brassicaceae) are composed of approximately 3,700 species, while the earliest diverging lineage (Tribe Aethionema), which lacks the Arabidopsis thaliana alpha (α) WGD, has 57 species (Al-Shehbaz et al. 2006; Schranz and Mitchell-Olds 2006) .
In addition to promoting speciation, WGD could also increase morphological complexity by providing the 'building blocks' (i.e. retained duplicated regulatory networks and transcription factors) that may later evolve novel regulatory functions. The evolution of novel morphologies and morphological variation in living organisms has been of general interest to most biologists. A growing body of evidence suggests that changes in both the coding sequence of regulatory proteins and in the non-coding regulatory sequences of their targets are primarily responsible for developmental novelty (Carroll 2005; Wray 2007; Lynch and Wagner 2008) . In short, major organismal differences (e.g. anatomical and behavioral) are largely due to changes in gene expression, rather than protein repertoire. For example, this certainly accounts for a subset of the observed differences between chimpanzees and humans (King and Wilson 1975) . It has been argued that morphological complexity has increased over time in both animal and plant lineages . Is there a pattern for such a trend? Is there a predictable mechanism that contributes to the expansion of regulatory protein families? Freeling and Thomas (2006) proposed that repeated rounds of WGDs have driven the increase in morphological complexity, an observation that has been found by other researchers as well (Blomme et al. 2006) . Specifically, Freeling and Thomas argue that the increase in complexity has been driven through the emergence of novel regulatory functions (e.g. tran-scription factor with a novel function) across new developmental boundaries. As discussed in previous sections, genes encoding transcription factors are typically dosage-sensitive, preferentially duplicated via WGDs, and are under strong purifying selection to be retained in duplicate (Fig. 3) . These observations raise important questions. How does functional divergence (i.e. neo-and sub-functionalization) occur between retained transcription factor duplicates without resulting in a detrimental dosage-imbalance? A transcription factor duplicate must first escape from these constraints in order to allow functional divergence to occur. How is a new balance in regulatory proteins that forms a novel regulatory complex achieved? Birchler et al. (2007) suggested that accumulating changes in cis-dominant regulatory regions of critical target loci may allow for a shift in the balance of regulators in the complex. A mutation in a cis-regulatory region could modify gene expression exclusively in a specific spatiotemporal domain (i.e. not globally). These changes would progressively occur to multiple target genes until a new balanced state of the regulatory complex is tolerated or selected to resolve the resulting intragenomic conflict (Birchler et al. 2007) .
Once a new balanced state is tolerated, a spatiotemporally separated gene regulatory relationship may evolve to give rise to novel morphologies. The development of a new gene regulatory network may include the recruitment of additional transcription factors, the evolution of novel elements (e.g. tissuespecific enhancer) that may completely replace an ancestral regulator, and possibly the evolution of novel transcription factor functions (Lynch and Wagner 2008) . Recent data indicates that many transcription factors are tissue specific (Yu et al. 2006 ). In the human genome, approximately 30% of transcription factors were specific to only a single tissue (Yu et al. 2006; Lynch and Wagner 2008) . Tissue-specific transcription factors and cis-regulatory elements limit negative pleiotropic effects caused by mutations (Carroll 2005; Lynch and Wagner 2008) . For example, a mutation in a single cis-regulatory element will modify gene expression only in the spatiotemporal domain governed by that regulatory element (Carroll 2005) . This characteristic will allow adaptive evolution to modify and evolve novel morphologies without having extensive negative pleiotropic effects (Carroll 2005; Wray 2007; Lynch and Wagner 2008) . Does the preferential retention of regulatory proteins following WGDs facilitate the functional divergence of transcription factors? Is there a correlation between WGDs and increased complexity? The divergence in transcription factor functions (i.e. Neofunctionalization) has been well documented in multiple animal and plant lineages (Lynch and Wagner 2008) , which tend to co-occur with the origin of novel morphological structures, rapid cladogenesis, and WGDs. For example, the MADS Box transcription factor family in plants regulates many important aspects of plant development including floral organ development and initiation of flowering (Coen and Meyerowitz 1991; Michaels and Amasino 1999) . The co-occurence of many duplicated genes, including MADS-Box subfamilies, near the origin of the angiosperms suggests that these duplicates arose via WGD (Zahn et al. 2005; Soltis et al. 2007a; Soltis et al. 2007b) (Fig. 1b) . Soltis et al. (2007b) suggested that functional divergence in MADS-Box duplicates, APETELA3 (AP3) and PISTILLATA (PI), following this event aided in the origin and subsequent diversification of all flowering plants (i.e. the origin of the flower). The AP3 B-class gene subsequently diverged in functions giving rise to TM6 and euAP3 near the base of the core eudicot radiation, which coincides with the gamma (γ) whole genome duplication in Arabidopsis thaliana and the origin of the eudicot flower (Cui et al. 2006; Rijpkema et al. 2006; Hernandez-Hernandez et al. 2007; (Fig. 1b) . Additionally, recent studies suggest that polyploid plants had increased chances of surviving mass extinction events (Fawcett et al. 2009; Soltis and Burleigh 2009 ). Fawcett et al. (2009) proposed that polyploid species, demonstrated to be remarkably plastic and highly adaptable (Osborn et al. 2003; Lukens et al. 2004) , had increased tolerances to low sunlight and other drastic environmental changes during the Cretaceous-Tertiary (KT) extinction event 65 million years ago (mya). This claim is supported by evidence that shows that many angiosperm lineages, distributed across monocots and eudicots, have independent WGDs that coincide with the timing of the KT event (Fawcett et al. 2009) .
A similar pattern in diversification of regulatory functions following WGDs is also observed in animal lineages. For example, the expansion of transcription factor families, including HOX gene functions, following the 1R and 2R event, contributed to the evolution of complex vertebrates (i.e. origin of the vertebrate skeleton) (Fig. 1a) (Amores et al. 1998; Blomme et al. 2006) . Similarly, the 1R/2R events, which occurred approximately 520 to 550 mya (Holland et al. 2008; Putnam et al. 2008) , coincide with a mass extinction that occurred at the dawn of the Cambrian period approximately 544 mya (Bowring et al. 1993; Knoll and Carroll 1999) . While the teleost 3R event, estimated 226-316 mya, may have coincided with a mass extinction approximately 250 mya at the end of the Permian period (Hurley et al. 2007 ).
The co-occurance pattern of WGDs, mass extinction events, and rapid diversifications, observed across angiosperm and animal lineages, suggest that polyploids have increased chances of surviving mass extinction events and rapidly colonizing old and new ecological niches made available by the mass extinction events. Recent polyploids are remarkably plastic and exhibit great variation in novel phenotypes including organ size and changes in developmental timing, which may allow them to differentiate from diploid progenitors, out-compete diploid species, and enter new ecological niches Gaeta et al. 2007 ). In other words, the phenotypic plasticity and vigor of nascent polyploids likely aided them to survive mass extinction events and while providing a competitive edge over formerly existing diploid species to invade novel niches resulting in rapid rates of speciation. Over longer periods of time, the functional divergence of retained duplicated regulatory networks likely was selectively favored following these extinction events gradually giving rise to novel morphologies (e.g. the flower that attracts insects to aid in efficient long-distance pollination). Interestingly, recent data suggest that early fossil angiosperms were insect-pollinated and that the origin of specialized pollinators including bees occurred during the major radiation of the angiosperms (Hu et al. 2008) .
Lastly, in some cases novel transcription factors do arise from smaller scale duplications. However, the frequency of retention is much more rare (Fig. 3b) , and appears to be biased toward specific transcription factor families and these exceptions may partially be explained by balanced segmental duplications Freeling 2008) . This alternate duplication mechanism is supported by the fact that genes encoding subunits of the same complex tend to be clustered together on chromosomes (Lee and Sonnhammer 2003; Teichmann and Veitia 2004) . A segmental duplication involving clustered subunits, if all subunits are co-duplicated, would maintain proper stoichiometric balance of the complex. An unbalanced small-scale duplication, based on all the aforementioned data, would have to be followed by a mechanism (e.g. dosage-compensation at the transcriptional level) to maintain proper stoichiometric balance of the transcription factor complex or it would result in decreased fitness of the organism. In conclusion, we argue that the evolution of novel morphologies are highly dependent on WGDs, and likely would not have resulted following a (or even a series) of smaller scale duplications.
Summary
Maintaining proper balance in pathways (signaling and regulatory) and stoichiometric balance of macromolecular complexes is essential for normal function and development. This provides the basis for predicting which gene duplicates are retained and lost following various duplication mechanisms. Some dosagesensitive functional gene categories, such as transcription factors, show a reciprocal pattern in retention (i.e. significant over-retention post-WGD and significant under-retention following smaller-scale duplications). This reciprocal pattern in retention is only supportive of the Gene Balance Hypothesis. Alternative hypotheses, namely the Subfunctionalization and Gain-of-Function hypotheses, are not supported by the gene content data from eukaryotic genomes as a 'primary' explanation for duplicate gene retention post-WGDs, at least initially. The data suggest instead that these processes occur largely after genes are already retained in duplicate due to gene dosage constraints. In other words, gene dosage constraints retain dosage-sensitive gene duplicates following WGDs, while providing these alternate mechanisms longer periods of time to operate. However, these alternate mechanisms (e.g. Subfunctionalization and Neofunctionalization) may only occur once gene dosage-constraints are alleviated. Additionally, the repeated presence of some genes only as single copy genes may be explained in part by a recent extension of the Gene Balance Hypothesis. This extension, Selected Single Copy Gene Hypothesis, may explain the shared single copy status of some nuclear encoded organellar (plastid and mitochondria) genes across the plant kingdom, which may be under strong selection to maintain proper balance between the nuclear and organellar genome and repeatedly return to single copy following all modes of duplication (i.e. WGD and smaller scale duplications). Lastly, we support recent arguments that WGDs have contributed to increases in morphological complexity and cladogenesis in eukaryotic lineages. The Gene Balance Hypothesis provides a unifying mechanism to explain the impact of polyploidy simultaneously both in the short term and over longer time periods: the immediate neutral reciprocal loss of dosage-insensitive genes that can lead to rapid speciation post-WGD (e.g., Bateson-Dobzhansky-Müller hybrid incompatibility) as well as the long-term significant over-retention of regulatory genes post-WGD, followed by functional divergence, that have contributed to novel variation and developmental evolution in eukaryotic lineages (e.g. angiosperms and vertebrates) over deep time.
